Cell size is intimately related to cell physiology because it sets the geometric scale of organelles and biosynthesis. A number of methods exist to measure different aspects of size of individual cells, but each has significant drawbacks. Here, we present an alternative method to measure the size of single human cells using a nuclear localized fluorescent protein expressed from a constitutive promoter. We validate this method by comparing it to several established cell size measurement strategies, including flow cytometry optical scatter, total protein dyes, and quantitative phase microscopy. We directly compare our fluorescent protein measurement to the commonly used measurement of nuclear volume and show that our measurements are more robust and less dependent on image segmentation. We apply our method to examine how cell size impacts the cell division cycle, which reaffirms the importance of G1/S size control. Importantly, combining our size reporter with fluorescent labeling of a different protein in a different color channel allows measurement of concentration dynamics using simple widefield fluorescence imaging. Thus, we expect our method will be of use to other researchers interested in the topics of cell size control and, more broadly, how dynamically changing protein concentrations control cell fates.
INTRODUCTION
The gold standard for cell volume measurements is considered to be the Coulter 23 counter, which flows cells through a measurement chamber where they displace an 24 isotonic solution to cause a volume-proportional change in electrical impedance (Gregg 25 and Steidley, 1965) . Coulter counters measure cell number and size in high throughput, 26 but do not provide any additional information (such as amount of a protein of interest) 27 and cannot make multiple measurements on the same cell over time (Tzur et al., 2009) . , 1988; Tzur et al., 2011; Shapiro, 2018) . Calibration of size estimates from cytometry 37 scatter is often done by comparison to fluorescent dyes that stain total cellular protein.
38
These dyes, CFSE and SE-Alexa647, use reactive succinimidyl ester groups to react 39 with free amino groups on proteins, so that the amount of staining corresponds to total 40 cellular protein (Kafri et al., 2013; Shapiro, 2018) . Importantly, these dyes do not 41 provide quantitative information on total protein when used in live-cell imaging.
4 timepoints (Godin et al., 2010; Son et al., 2012 Son et al., , 2015 Cermak et al., 2016) .
93
Furthermore, other techniques, such as fluorescence microscopy or single-cell RNA 94 sequencing, can be added (Stevens et al., 2016; Cetin et al., 2017; Kimmerling et al., 95 2018). The microchannel resonator approach is powerful and precise but requires 96 specialized microfluidic instrumentation, is low-throughput, and is not easily applied to 97 adherent cells (Park et al., , 2010 . Another new technique is fluorescence 98 exclusion microscopy in which cells are grown in medium containing fluorescent 99 dextran. As long as the cells do not take up the fluorescent compound, the 100 "background" fluorescence of a region can be measured. A cell displaces fluorescent 101 media so that the amount of excluded corresponds to cell volume. This approach does 102 require cells to grow in a specialized low-ceiling device (Bottier et al., 2011; Zlotek-103 Zlotkiewicz et al., 2015; Cadart et al., 2018) . Both microchannel resonators and 104 fluorescence exclusion were used to show that cell density is nearly constant 105 throughout the cell cycle, but that cells swell ~20% during mitosis (Grover et al., 2011; 106 Bryan et al., 2013; Son et al., 2015; Zlotek-Zlotkiewicz et al., 2015) . A final option is to 107 sidestep the difficulty of measuring irregular shapes by forcing animal cells to adopt 108 more convenient morphologies. For example, cells can be grown in narrow channels 109 requiring them to adopt a rod-shaped morphology, where length is directly proportional 110 to volume (Varsano et al., 2017) . However, it is unknown to what extent such shape 111 manipulation affects cell physiology.
113
Here, we present an alternative strategy, inspired by work in yeast (DiTalia et al., 2007) , 114 that can be added to the toolkit of researchers seeking to measure animal cell size. Our 115 approach relies on the fact that most proteins in a cell are produced proportionally to the 116 total protein content of the cell ( Figure 1B ) (Newman et al., 2006; Zhurinsky et al., 2010; 117 Neurohr et al., 2019) . In this report we show that a constitutively expressed nuclear 118 fluorescent protein can easily be used to measure animal cell size.
120

RESULTS
122
Construction of a prEF1α-mCherry-NLS size reporter cell line 123 Good candidate promoters for a fluorescent total protein reporter should be highly, 124 ubiquitously, and constitutively expressed. Promoters for genes involved in protein 125 translation frequently meet these criteria. We selected the promoter of the translation 126 elongation factor EF1α because it has also been commonly used in lentiviral infection 127 systems Cheng et al., 2011; Schwarz et al., 2018) . We used this 128 promoter to drive expression of either of two nuclear localized fluorescent proteins: 129 mCherry-NLS and E2-Crimson-NLS. We selected these fluorescent proteins due to their 130 fast maturation, long lifespan, and compatibility with other fluorescent reporters of 131 interest such as mAG-Geminin and an Rb-Clover fusion protein (Shaner et al., 2004; 132 Strack et al., 2009) . Localizing the fluorescent reporter to the nucleus facilitates image 133 segmentation and measurement of total protein via wide field fluorescence imaging.
135
To construct a cell line with a total protein reporter, we inserted a prEF1α-mCherry-NLS proportional to size ( Figure S1A-B) . To test whether our strategy also works in another 160 cell type, we introduced EF1α-mCherry-NLS into K562 cells. We found that also in 161 these cells, mCherry-NLS was proportional to FSC ( Figure S1C ).
163
Next, we returned to EF1α-mCherry-NLS HMECs and examined them by fluorescence 164 microscopy rather than flow cytometry. In this experiment, we measured nuclear volume
165
(calculated as [nuclear area] 3/2 ) and performed a pairwise comparison with mCherry-
166
NLS and with CFSE total protein dye fluorescence signals ( Figure 2D-F) . Once again,
167
we observed that all three intercepts were close to the origin and that the correlation 168 coefficients were similar, suggesting that none of the three measurements is 169 substantially inferior to the other two.
171
Constitutively expressed mCherry-NLS size estimates are less sensitive than 172 nuclear volume to variation in image segmentation 173 Since nuclear volume and mCherry-NLS total intensity are the two most experimentally 174 straightforward approaches to measuring live cell size, we sought to compare them 175 head-to-head. One pitfall of fluorescence microscopy is that it is necessary to 176 distinguish foreground objects (cells or nuclei) from background by segmenting the 177 image, often by applying a brightness threshold. We examined how varying our nuclear 178 segmentation threshold (mCherry pixel intensity) affected our measurement of nuclear 179 volume and mCherry-NLS total intensity. One representative nucleus segmented at 180 different thresholds is shown in Figure 3A . Nuclear volume for this cell was highly 181 sensitive to threshold choice, especially at less stringent thresholds, while mCherry-NLS 182 total intensity was robust to threshold choice. To confirm this observation, we applied 183 different thresholds to all the cells in our images and saw a similar pattern ( Figure 3B ). have a large effect on nuclear volume but not total mCherry measurements.
226
Constitutively expressed mCherry-NLS correlates with dry mass measurements 227 Next, we sought to compare our mCherry-NLS reporter with quantitative phase 228 microscopy that measures cell dry mass. In live cells tracked through time, we 229 measured dry mass, mCherry total intensity, and nuclear volume. We found that .
261
It has previously been observed in several mammalian cell lines that cells adjust the 262 amount of time they spend in G1 phase to compensate for differences in birth size,
263
while the amount of time spent in S/G2 phases is unaffected (Cadart et al., 2018) . To 264 investigate size control at G1/S in HMEC cells, we measured E2-Crimson total intensity 265 ~1 hour after birth (to allow time for nuclear reimport of E2-Crimson), at the G1/S 266 transition as determined using Geminin-mCherry, and ~1.5 hours before cytokinesis.
267
We observed that smaller-born cells grow more during G1 than larger-born cells so that 268 all cells are a similar size at the G1/S transition ( Figure 6D ). Conversely, during S/G2, 269 cells add a similar amount of mass regardless of their size at G1/S so that cell size at 270 mitotic entry was highly correlated with their size at G1/S ( Figure 6E ). We further 271 observed that G1 length is negatively correlated with size at birth, while S/G2 length is 272 remarkably constant ( Figure 6F ). As predicted by this model, we observed that larger 273 cells enter S phase at a higher rate than smaller cells ( Figure 6G ). These results
274
highlight the importance of G1 for maintaining cell size homeostasis, consistent with 8 other reports (Killander and Zetterberg, 1965; Varsano et al., 2017; Ginzberg et al., 276 2018; Liu et al., 2018; Zatulovskiy et al., 2018 higher rate of progression through the G1/S transition. tagged RB-Clover cells were generated as described in . all controlled by μManager software (Edelstein et al., 2014) . This imaging setup has a 352 thick enough focal plane to collect emitted light from the entire nucleus without z-stacks.
353
For total protein dye experiments, cells were incubated with CFSE (Thermo Fisher 354 C34554) at 1:2500 dilution for 15 minutes at 37ºC. We did not observe significant 355 photobleaching during our experiments ( Figure S4 ). Images were quantified using custom MATLAB scripts (Mathworks). In MATLAB, cell 371 nuclei were segmented using the mCherry or E2-Crimson channels by Gaussian 372 filtering, thresholding with manually chosen parameters, and opening and closing of the 373 segmented regions using the MATLAB functions imopen and imclose. Nuclear volume 374 was calculated as the segmented nuclear area (in pixels) to the 3/2 power. We also 375 performed our analyses using nuclear area rather than nuclear volume with qualitatively 376 similar results. For CFSE experiments, complete cells were similarly segmented using 377 the CFSE channel, and additional thresholds were applied to omit cell debris from 378 subsequent analysis. For all imaging experiments, total pixel intensity in the segmented 379 region was calculated after applying a location-dependent intensity adjustment to 380 account for vignetting due to our large camera field of view, which caused the center of 381 an image to be illuminated more brightly than the periphery. To make the adjustment we 
Segmentation threshold analysis
390
A range of possible thresholds that yielded plausible nuclear segmentations was 391 manually chosen, and nuclei were automatically segmented at each possible threshold.
392
A threshold of 180 was judged to be the closest to manual segmentation and was 393 therefore used as the reference point. Nuclear volume and mCherry total intensity were 394 calculated at each possible threshold and normalized to their respective values for the 395 cell of interest at the reference threshold (for Figure 3A) or to the mean value for all cells 396 at the reference threshold (for Figure 3B) . For regression analysis, each metric was 397 normalized to its own mean. At each possible threshold, uni-and bivariate regression 398 was performed using either nuclear volume, mCherry total intensity, or both as predictor 399 variables and CFSE total intensity as the response variable. The regression coefficients 400 in Figure 3C represent the change in normalized CFSE total intensity per unit change in noise metric was compared for the two measurement types using a two-sided t-test.
428
Quantitative phase microscopy 429 Quantitative phase microscopy was performed with assistance from Phasics (Saint-
430
Aubin, France). Images were acquired using a wavefront SID4Bio camera using 431 Quadriwave Lateral Shearing Interferometry, then processed using the manufacturer's 432 SID4Bio software according to the procedures in (Popescu et al., 2008; Aknoun et al., 433 2015) . Briefly, a quadratic fit was applied to an empty reference frame and this fit was we performed a piecewise linear fit to the raw data, but used overlapping one-hour 441 rather than two-hour segments to address noise in the data as described above. The treating each single-cell, single-timepoint measurement as an independent data point.
446
Cell cycle analysis
447
The Rb-Clover, E2-Crimson-NLS, and Geminin-mCherry traces shown in Figure 6B 448 were normalized to their means for that trace so that they could be plotted on the same 
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